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ON THE moN EWuMING ISOCK)RICHEATINGOF COWEMRIC LIQUIDANNULI*

L. A. Glenn
Universityof California,LawrenceLivermoreLaboratory

Livermore,California94550

When a5jacentliquidslabsare separat~ by

througlxmt,eachslabwill splitinto twoparts,

void gaps and suddenlyheated

which thennwe away from

each other. If thereare n initialgaps,therewill eventuallybe at least

n(n+l)/2collisions. If the initialheatingis non-uniform,the collisions

will act to smearor averageout the mmentum generatedwithinthe fluid.

Mormver, if the flow fieldis divergent,cavitieswill form in the liquid,

the collisionswill be inelastic,and energywill be dissipated.These

phermnenawere studiedin connectionwith the designof an inertial

confinementfusicnreactorin whichan arrayof cmcentric liquidlithium

annuli,or close-packedjets,is suddenlypenetratedby high-energyneutrons

and simultaneouslyexposedto surfacedepositicmof x-raysand icnicdebris.

It is shownthat sucha designcan be very effectivein reducingthe outward-

directedmomentumand thus the inpulseimpartedti the reactirwalls.

.

‘

Work perform@ tier the auspicesof theU.S. Departmentof Energyby
LawrenceLivermoreLaboratoryundercontract#W-7405-Eng-48.
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1.0 IMIWDWTION

Liquidsare almostneverheat~ at constantvolumein practice,except

possiblywithinlaboratorydevicesused to studytheir

pressures. And in this example,naturallysough, the

rigidor quasi-rigidsincethe heatingis accomplished

Bunsenburneror a resistancecoil.

behaviorat high

boundingsurfacesare

ratherslavlywith a

In inertialconfinementfusicm(ICI?)however,rapid,

liquidlithimnwill very likelyplay a centralrole. The

isochoricheating

most likelyICE’

of

reactorccnstrwtim has the deuterium-tritium(M’)fuelpelletsurroundedby

2) of lithium,whose functionis: tothickannulil)or close-packedjets

breed tritiumfor pelletresupply,to act as an energy

mediumwith an externalpower loop,and to protectthe

excessiveneutronicand hydrodynamicloading. Most of

the pelletis in the formof high energy (upto 14 MeV)

sink and heat exchange

firstwall from

the energyderivedfrom

neutronsfor which the

3)mean freepath in lithiumrangesup to 0.3 m . As a consequence,the

liquidthicknessmust be 2-3 timesthis lengthto provideadequatemoderation

and to reducethe fluencecn the firstwall to an acceptableleve14). The

energyreleaseis virtuallyinstantaneouswhen the

the thermonuclear“burn”conditicmand the neutron

liquidoccursin a timeperiodsmallin comparison

DT pelletis implodedto

penetraticmthroughoutthe

with the time for release

waves to move intothe

is thereforeheatedat

as 1 GPa, althoughthe

lowerby 1-2 ordersof

pressuresare produced

very thin liquidlayer

lmlkof the fluidfromany free surfaces. The liquid

constantvolume,producinginternalpressuresas high

averagepressurefromneutronheatingwill probablybe

magnitudein a 1000We reactor(muchhigher

by x-raysand icnicdebrisinteraction,but only in a

facingthe pelletl’2)).
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.

.

Earlydesignshad the lithiuminjectedas one continuousannularfall

surroundingthe pellet. Since the specificinternalenergyfrom the neutron

depositicmis typically10-100timeshigherat the innerradiusthanat the

outer,this configuratimtendsto producesteeppositivevelocitygradients

in the liquid. This is quiteundesirableas it leadsto high-speedspan

layersand the firstwall is thenbcmbrded with potentiallyerosivedropsor

fragments. (Presentdesignscall for a 1 Hz pulserate and a 30 year

opaating life span so thatof the orderof 109 impactsare to be

expected). The situatim can be verymuch improvedif the continuousannulus

is replacedwith a seriesof cmcentric annuli,separatedby gaps. The reason

is that the gaps allm pressurerelieffrom surfaceswhichare interiorto the

main fallboundaries.This promotesmmnentumexchangebetweenfluidelements

movingin o~site directionsand effectivelysmearsor averagesout the

velocitydistributicmin the fall. (Afurtherdesignimprovementhas been

2)
previouslydescribed in whicha clos~packedannulararrayof jets is

enploycd. This allcwshot, high-pressurelithiumplasma,derivingfrcxnthe

x-raydepositim ad debrisinteractim,to vent from the cavityformedby the

innerradiusof the innermostannulus. ‘I’hesuperpositionof theseconcepts

~s al= -n dism=d5)) .

When finitedifferencecalculatimswere made of the disassemblyand

subsequentinteractionof isochoricallyheatedconcentricliquidannuli,the

resultsshowedthat,in additim to spatialaveraging,the totalmmentum

impingingcm the firstwall was reduced,implyingthatenergydissipationhad

occurred. Mxeover, the dissipaticmincreasedas the gap(s)betweenthe

annuliwere widenedand as the ntier of gaps was increased. It is our main
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purposein what followsto describethisbehaviorin somedetailand to

explainwhy the dissipatim occurs. The theorydevelopedcan also be applied

to calculatethe pressureexertedon the firstwall by the impactof a

cavitatedfluid. This will be denmnstratedfor the case of a multi-annular

lithiumfall in a 1000me (2700MJ) ICF reactoruponwhich the crossflow

impulse(fromthe ventedplasma)has been superposed.

.
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2.0 ‘IW ANiJULISEPARATEDBY A VOID GAP: THE MODEL

.

.

The problemis sketchedin Figure1. At timet = O two liquidannuli,

eachof thicknessA, and separatedby a voidgap of width6, are

instantaneouslyheated. We assume,for the present,that the heatingis

uniform,so that the initialspecificinternalenergyeverywherewithinthe

Lagrangianregicn~ < r ~ Rl is eo. Furthermore—

<< e
‘o c

whereec is the cohesiveenergyof

is 23.03W/kg. we assunefurther

the slightlyexpandedliquidphase

(1)

the fluid,which in the case of lithium

that the equationof state (EXE)describing

is of theGr&isen formwith a

Clausius-Clapeyrcn-liketermemployedfor the two-phase,liquid-vapor

1)regicm :

P=Max{

[

Pc exp(l.4-1.481 e<e)

(2a)

(2b)

where P. is the referenceliquiddensity,y. is theGriineisenparameter,

Co is the sod speedat themeltingpoint,and tk constantPc = 100 MPa.

P, P, ard e are respectivelythe pressure,densityand specificinternal

2
energy,and ~ = P/Po. For?l<l - yoe/Co,the inequality(1)implies

thatP+ O, i.e.,the Clapeyrcmterm in (2b)behaveslikea tensilecut-off.

In thiscase theMIS is similarto modelsused to describeporous

~terias6)
; as will be seen,the analogyis quite relevant.



Initially,rI= 1 so that the pressuredevelopedis P. = yOPOeO.

The innerand outer radiiof each annulusare free surfacesfromwhich

centeredrarefactims thenmove intothe fall interior.The free surface

particlespeedis

(3)

If we neglectthe divergentgeometryfor the present,Ul is also the speed

alcngthe trailingcharacteristic(tailof the expansionfan)which is itself

movingat speedCO-U1 intothe fluid. Behindthe tail,conditims are

everywhereuniformand energyconservationrequiresthe specificinternal

energy@ have decreasedto

eO -*< = eO(l - yO~/2)‘1 =
(4)

wherew have definedthe Mach numberparameter

%
= Yoeo/C~

The le~ing characteristic

(5)

(headof the expansionfan) arrivesat the center

of each annulusat tO ~ A/2c0and the pressureis reducedto zero

everywhereshortlythereafter(althoughthismay takeup to twiceas longwhen .

the spatialdistributimof energyis initiallynon-uniform).The particle

velocitydistributimat thispointwill appearapproximatelyas sketchedin
.

Figure2. (Inactuality,the interacticmof the reflectedcharacteristicsat

the centerof the fallwill createa nonsimplewave regionwhichwill result
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7) hwever, that the widthin cavitationoccurringthere. Itcan be shown ,

of the cavitatim region,i.e., that regionat the centerof eachannulusin

whichnegativepressuresmuld be generatedbut for the cut-offin Eq. (2),is

a~roximatelyA(~/2)/(1 - ~/2). And since?3q.(1)impliesK << 1, we

are justifiedin neglectingthis effect,at leastfor the present). Each of

the fluidannuliwill thenbegindividingin halfwith the outerhalfmoving

outwardand the innerhalf inward. The Lagrangianelementdefinedwithin

Ra~r <~ will collidewith the elementdefinedwithinRc~r~Rd—

in a time incrementtl - tO = 6j2ul = 6C0/2yoe0.These two

fluidelementsare shownshadedin Figure1 for t~ tO; for clarity,the

boundariesof the remainingfluidelementsare identifiedwith dashedlines.

Maximummomentuminteractimwill be achievd if the collisionoccursafter

pressurereliefhas been fullyaccomplishedin each segment,i.e.,if

‘1
- to > to. This inequalitycan be re-writtenas

6/A >

Upm collision,

which is a line

%
(6)

shockswill reflectwith speedS frcinthe contactinterface,

of symnetryin the mm-divergentcase. The particlevelocity

and specificinternalenergybehindthe shockthen regaintheirinitial

values,i.e.,

‘2 ‘0

‘2 = ‘o

(7)

(8)
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Restrictingattentim to the right-hand,or outward

interface,mass and momentumconservatismrequire

PI(S- Ul) = p2s

and

P* + p2s2 = 2
PI(S- Ul)

sideof the contact

(lo)

(9)

wheredue accounthas been takenof the fact thatbothPI and U2 are zero.

Formalsolutionof (2), (9)and (10)yields

V2 =A+G (11)

and W12s/co= P*/PO = l-11T12~/(112- VI) (12)

and B = ?ll(l-~)

rIlrepresentsthe averagedensityof the fluidelementsat the Kxllentof the

collision(aheadof the shocks). In a linearfield,this is readily

determinedby =lving (2a)with p,(n,,el) = O. me resultis

(13)

(14)

ALL

U-ll) ~x =
1 -M@ - YoM@) (15)

car-1

subscript(max)is amended to signifythat this is the~fi~ valueTIl

take if the pressureis b be everywherezerobeforecollision. We note
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that Tll< o-j) ma~ even for slab (linear) gannetry if accountis takenof

the cavitatim developedat the midpointof each annulusby the reflected

rarefacticmfan - neglectedhere becauseof the assunptim that
%

‘It@ n~ < (nl)ma~ for cylindricalor sphericalf1- is easy to

demonstrate.In a divergentflm fieldthe flw cross s~tion for

<< 1.

the

radiallyoutiard-nnvingsegmentcentinuesto increaseand sincethe pressure

is LMiformlyzero,therecan be no compensatingacceleration.Then,by

continuity,the densitymust decreasein this segment. ‘I’heEZX (2)is not

symnetric about (rIl)-~ however,so the ccxwergingflow in the radially

inward-nwingsegmentwill be acceleratedwithnl ~ (nl)- in this

segment. At contact,the averagedensityof the ensenMe must thenbe less

than the maximumand will be lowerthe greateris the initialseparatim

distance,&.

Now, sinceit is clearcm physicalgroundsthat

equaticxm(U)

Hugcniotb be

‘2 =

-(12) canbe

~roximately

1

(16)

simplifiedsmewhat by takingthe cavitat~

ecpl b the referenceisochore,i.e.,by setting

(17)

En that

- s/c. = P#Po = np’1#1 - nJ (18)
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!t’herelativeerrorin the pressureis then

E=
[
(q -~ -

where (p2)exZt derives

‘21/(P2)-~ =(Tl~\T12)[(1- nz

from (12).

/(1 - nl)] (19

s is plottedas a functicnof Tl,in Figure3 with ?IOevaluatedfrom
1 L

(11),(13)and (14),using% = 10-2. This is the a~roximate valueof

~ derivedwhen the titalneutronicenergydepositim per unit length,at

the horizontalplanepassingthroughthe equatorof the fusionpellet,is

averagedover the lithiumfallmass per unit length- assuminga 1000We

reactorwith a

wO.5 m. It is

a 20% relative

lithiumfall thicknessof 1 m begiming at an innerradiusof

seen in Figure3 that the a~roximatim (17)resultsin at mst

errorin the calculationof the collisionpressure. Even this

resultis som~hat misleadingbecausethe maximumrelativeerroroccurswhen

the pressuregradient3P\~rl,is very steep. Figure4, whichplots the

collisim pressure

~s. (17)-(18)are

Figure4 also

densityproducesa

J.

as a functim of the precollisiondensity,showsthat

inikeda verygcod approxima$icmb the exactsoluticm.

shcwsthata very smalldec’reasein the pr~collision

very largedecreasein the collisim pressure. Cavitating

the

the

fluidby mly 1% helm (nl)mx (~0.99 for% = 10-2)decreases

shockpressureby almost40%!

The physicalpicturemay be clarifiedsomewhatby the P-V diagram

sketchedin Figure5 (V = l/n). lWintA correspondsto the initialstate

attained~ energydeposition,i.e., ‘A =Po(V=l, e=eo). The

fluidis then isentropicallyexpandedalcngthe path A + B + C. PointB

correspondsto the “linear”geometrycase, i.e., ‘B = P(lll= (Vl)mxr e = cl)=

Collisim occursat pointC. The path C + D is a Rayleighline and no
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intermediatestatesare possible. Conservationof energyrequiresthat the

area= equals~; it is thereforeclearthatPD, the ~llisi~

pressure,rapidlydecreasesas VC increases.The shadedarea~ represents

the energydissipatedby the collision.

Now, once againreferringto Figure1, when the shockshave reachedthe

LZWangian surfaces,Ra and Rd, they are reflectedas rarefactimsbehind

which the particlespeedwill be

t+ ~P2/P2co (20)

The net impulseeventuallyinpartedto the wall is proportionalto the total

outward-directedmomentumPoA(Ul+ U3)/2. Had the energybeen deposited

in a singleannularfall,withoutany ir&dded voidgaps,the outward-directed

mcmentumwuld have been simplypoAU1. I’husthe impulseratiois

(Ul+ U3)/2Ulor, enploying(3), (17),(18)and (20):

(21)

If the collidingfluid

impulseratiofor ~ =

massesare cavitdtedby cnly 1% below (nl)mx, the

10-2 is 0.75.

.
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3.0 NWERICAL EXPEKWENTS

Equatims (18)and (21)predictthe pressureand outward-directed

~tm givenVI,

geometryand ~ <<

quantity. ~ such

the averagedensityjustpriorto collision. For slab

1, equaticm(15)providesa satisfactoryestimateof this

simpleestimateis evidentwhen the geometryis divergent

becauseof the absenceof symmetryaboutthe radiusof collisionand the

inhomogeneityof the collidingfluidpackets. In general,nl in thiscase

will depeticn the geanetry(innerannularradius,annularthicknessand gap

width)as well as cn B$. On the otherhand,numericalsolutionof the

initialvalueproblemposed in Figure1 by finitedifferencemethodsis quite

straightforward.Figure6 depictsthe resultsof a numberof such

=lculatims madewith the AF’IVNcode7). The impulseratio,l/l.,is

plottedas a functicmof the ratioof the gap width to thicknessratio,6/A.

W differentinitialenergydepositicmfuncticmswere used,a “typical”

distributimand a uniformdistribution.In the former,e. variedfrom

-2
m 2 W/kg at the inner radius (0.5m in all cases)to W2 x 10 W/kg at the

outer. In the latter,e. was constantthroughoutthe falland equalto the

mass-averagedenergyderivedfrom the non-uniformcase

(0.225W/kg, correspondingto F$ = 10-Z). For hth depositi~ functions,

calculationswere firstmade for a singleannularfall (6/A= O). The total

outward-directedmmentum for the non-uniformdepositionwas 42% higherthan

for the uniformcase (thepeak outwardvelocity,at the outerradius,was

almost5 timeshigher). The ordinatevaluesfor the pointsshownin Figure6

(openfor uniformdepositim and shadedfor non-uniform)were derivedby

dividingthe totaloutward-directedmomentumobtainedwith the fall initially
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split (inton + 1 annuliseparatedby n void gaps;n = 1,9)by the total

outward-directedmommturnfor the singleannulargeometryand the same initial

energydistributimand totalmass. The multi-annulusproblemswere generated

from the singleannulusproblemafterthe energywas deposited. This was

done,for n gaps,by dividingthe singleannulusinto

segmentsand insertingthe gaps of desiredthickness,

innermostgap and proceedingoutward. After eachgap

n + 1 Lagrangian

beginningwith the

was inserted,the

thicknessof all smceeding segments(andthe mesh spacingby which theywere

delineated)was a~ropriatelyforeshortenedto conservemass.

Consideringfirstthe singlegap calculaticms,it is remarkablethat

althoughthe impulsedependsverymuch on the initialspatialenergy

distributim,the impulseratiois effectedvery little,if at all, it’svalue

beingdeterminedstrictlyby the mass-averagedenergy (representedm%)

and the gemetry. Usingthe numericaldata derivedfrom the calculationsat

~ = 10-2,w foundthata very gcod fit was obtained

expression

1/10 = ~ + 1/[1+ (6/A)/4~1}/2

as evidencedin Figure6. lb test theh$ dependence,

parameterby an orderof magnittie,to 10-1,and used

with the empirical

(22)

we increasedthis

the cede to calculate

10 (singlezumularfall)and I (1void gap,

determinedwas 0.801. This agreeswith the

to withinbetterthan1%.

6/A= 0.25);the ratio1/10so

valueof 0.808predictedby (22)
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If (21)and (22)are equated,it is possibleto “experimentally”d~uce

the parameterrllfor the singlegap case:

“11)~=0.5m = [1+ F$ + (6/A)/4]-1 (23)

For 6/A+ O, rIl+ (1+ %)-1 ~ 1 - ~ for~ << 1, which is the

correctdensityratioin this limit.

Figure6 also showsthe effectof gap thicknesson the inpulseratiowhen

the rmmberof gaps is increased.A much smallerrelativegap spacingis

requiredto effecta given impulsereductionwhen the numberof gaps is

increasedfrom 1 to 9. Also,very littleis to be gainedby increasingthe

void to annulusthicknessratioabove0.25whenh$=lO-’. Figure7,

whichcrossplotsFigure6, shinsmoreoverthat littleis to be gainedby

splittingthe fall intomore than10 or so concentricannularsegments.

3.1 A PRACTICALEXAMPLE:MULTI—ANNULARFALLDISASSEMBLYIN AN ICF RElK3QR

Figure8 showsthe calculatedmass-averagedoutward-directedvelocity,~,

as a functicmof the for two differentfalldesignsin a HYLIFE

reactor2’5); the ordinatewas obtainedby dividingthe total

outward-directedmomentumby the

labeled“actual”,300 jets,each

pelletin a clos-packedannular

outward-rovingfluidmass. In the design

of 200 mn diameterand arrayedaroundthe DT

fashion,were simulatedby 9 concentric

annuliseparatedby voidgaps. The innermostannuluswas locatedat a radius

of 0.5 m and was associatedwith the first12 jets so that it contained4% of

the titaljet mass. The secondannulushad 6% of the mass,the third8%, etc.
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.

up untilthe eighth,which had 18%, and eachof thesewas separatedby a void

gap of 118 m. The outermostannuluscontaind the remaining12% of the mass

and was located88 nnnfrom it’s innerneighbor.

For t: 60 us, the problemis cbninatedby x-raydepositionand ionic

debrisfrom the DT pellet,whichpenetrateonly a very thin layerin the

innermostexposedjets (innerannulus). The detailsof the resulting

9)implosim and blowbackhave been discussedelsewhere . In brief,a hot,

high-pressurelithiumplasmais createdin the corewhich then expands,

againstthe jets,flowsaroundor in betweenthem,and ccmtinuesto expand

untilcontactismade with the firstwall - located2 or more metersbeyond

the last row of jets. Coupledwith the jet disassemblyinducedby x-rayspan

and neutrcmheating,this resultsin a complicatedthree-dimensionalflow. A

quasi-one-dinmsicnalmethodwas, however,devisedto cxilculatea first

a~roximaticmof the drag impulseexertedon the jet arrayby the venting

plasma2). This impulse,whichwas effectivelyterminatedby t ~ 350 us, was

then sqyzinposedon the radialnmtionof the concentricannulicausedby the

isochoricheating. The object,of course,was to obtaina reasonableestimate

of the impulseinpartedto the firstwall by the lithium.

For the “actual”design,the spatialdistributimof particlevelocity

and densityis sham in Figure9 at t = 60 Ps, when the plasmafirstarrived

at the innermostannulus.An Eulerianinnerboundarywas imposedat r = 0.5 m,

sincethe cavityregionhad been calculatedseparatelyto determinethe

blowbackand crossfluw. All otherannularboundarieswme Lagrangianuntil

8)
gap closurewas attained,afterwhicha gradual,accordion-like rezonewas

employ&. It can be sem that at 60 us, the fast-rovingx-rayWall l-aYer

from the first“row”has alreadymade contactwith the seccndrow. The peak
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outward-dirmtedvelocityat this timeexceeds2 ktis. Also noteworthyin

Figure9 is the splittingevidencedin the remainingannuliby the non-uniform

neutrm heating(thefluiddensityis shwn by the shadd overlay;the

referenceliquiddensitywas 0.518g/cc).

Byt= 1 ms, Figure8 shinsthat the averageoutward-directedvelocity

has decreasedti almut52 rr/s.Figure10 illustratesthe velocityand density

distribution.Contacthas beenmade by all but the lastthreeannuli. By

t = 5 ms, ~ in Figure8 has dro~ed to itsminimumvalueof 36 @s and Figure

11 shcwsthat all of the fluidannulihave joined. The outward-movingfluid

has begunb compact,a processthat is essentiallycomplet~ 10 ms lateras

seen in Figure12. At thispoint,virtuallythe entirefluidmass (atthe

planeof theM’ pellet)is at near-liquiddensityand is movingoutwardat a

uniformvelocityof 38 @s.

3.2 NWIERICALERROR

Most practicalschemesfor the solutim of arbitraryinitialvalue

problemsin continuummechanicsare dispersive,i.e.,if the solution

tlmght of as beingexpandedin Fourierseries (withtimedependent

coefficients),differentcomponentstravelwith differentspeeds. In

particular,conpcnentswhosewavelengthsare of the sameorderas the

is

spatial

mesh discretizationintervalare alwaysfalsifiedsomewhat. In most cases

this is of littleinterestas longas tk anplitudeof the falsified

componentsremainssmalleverywhere,a conditionthat is usuallyeasy to meet

with a judiciouschoiceof artificialviscosityand timestep. Unfortunately,

however,dispersim may lead to seriouserrorin the isochoricheating

.

.
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problem. The reascmis that the smalldecreasesin the averagedensitythat

resultwhen squarecornersare roundedor smearedcan causelargedecreasesin

the collisionpressure’(cf.Figure4). In numericalexperimentsperformed

with justtwo collidingslabs (lineargeometry)and with~ ‘< It S0 that

the actualdissipationmust be negligible,wards of 500 zoneswere required

to assurethis result. And while the Calculaticmdescribedin Figures9-12

did employ500 zones,therewere manymore free surfacesand collisions.

Moreover,of the 500 zonesinitiallyemployed,only about300 endedup

delineatingthe liquidand two-phaseliquid-vaporregion,the other 200 having

blwn off early (withinthe firstfew microseconds)with the plasmaintothe

core cavity.

Therehas been some recentprogresswith the developmentof numerical

10~11):KeithMiller’S~Vin9methodsthatare (practically)non-dis~rsive

finiteelemmt (MFE)methcdll)a~ears to be especiallypromisingin this

regard. They have not yet been adaptedto problemsas conplexas thoseunder

consideratimhere. Alternately,the magnitudeof the errorinducedby

dispersionwith the presentalgorithmmightbe determinedby minimizingthe

gap widthbetweenannuli. Figure6 showsthat if the gap width is of the

orderof ~, in accordwith the inequality(6),the dissipatim is verymuch

reduced,withouteffectingthe desirablespatialaveragingof momentum.

Accordingly,a multi-annularfallgeometrywas set up with the samemass and

energydistributimas for the actualdesigndescribd above?but with the

much reducedgap spacing. The performanceof this “minimum9aP” designiS

sham in Figure8. With the gap spacingreducedsuchthat the first

coil.isicxwoccureverywherenear simultaneously,and in a timeperiodnot much

exceedingthe time for initialpressurerelief,the averageoutward-directed
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velocityis determinedmuchmore rapidlythanwith the actualdesign. The

minimumvalueof tiof 31.5~s cxxursat about300us and by 1 ms, the

availablepotentialenergyof collisionhas been reconvertedto kineticenergy

and~ has stabilizedat 41.5tis. Thismay be qirectlycomparedwith the 38

m/s obtainedwith the actualdesign,sincethe identicalcrossflowimpulsewas

superimposedcn bothproblans. The 10% differenceis probablyan acceptable

marginof error,cawidering the rathercrudemodel.
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4.0 IMPWI’ONT HEFIRSTW ALL

,.

Our main ccmcernis that the hoop stressthat resultsfrom fluidimpact

does not exceedthe maximumallwable workingstress. If the firstwall were

locatedat 2.3 m, i.e.,directlybehindthe nearlyccmpactedfluid~ket in

Figure12, the ~~t pressuremuld be P3 ~ PO&o. For lithium,

‘o
= 0.518g/cc,Co = 4.5 ~s, and if we conservativelytake~ = 41.5

tis, P3 = 96.7MPa. This pressurewill persistfor a duraticmT = 2k/co,

where k is the thicknessof the fluidpacket (fromFigure12,

!,%2.3-1.8= 0.5 m), so that r% 0.22ms. The naturalperiod.of

i. T = 21TRw~~, wkre Rw is the wall radius,EW is the Youngts

modulusand pw is the density. If 316 stainlesssteelis used,

Rw = 2.3 m, T= 2.85ms so that ~/T << 1. In thiscase, it has

been shownl)that the peak hoop stress,Omx = (P3~/6w)~’,

where 8W is the wall thickness.Assuming&w = 100 MTI,the peak

and

the wall

with

previously

hoop

stressundertheseconditims wouldbe 1.08GPa, at least10 timesthe

1)
recommendedmrking stressfor 316 SS underfusionreactorccnditims .

Nw supposethe firstwall is relocatedat a 5 m radius. Sincethe

pressurein the outward-movingfluidpacketin Figure12 is everywherezero,

no furtheracceleraticmis possibleand the packetwill coastat the speed~

until impzct. The speedis uniformthroughoutso the thicknessof the fluid

packetwill be maintained.But continuityrequiresthatas the field

diverges,the densitymust drop. If the densityis * P. at t = 15 ms,

inpactwill occurat 15 + (5-2.3)/.0415= 80 ms at whichtime the density

ratiowill be rI= P/P. = (2.32-1.82)/(52 - 4.52)= 0.43.

Physically,we expectthat cavitieswill be initiallyformedwithinthe bulk
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liquid. If n is sufficientlysmall,the fluidwill appearas a rainof drops

or fragmentsbut this is probablynot the case here. The impactof the

cavitatedliquidcm the (assi.nnedrigid)wall is exactlyanalogousto the

symmetricalinpactdescribedby (18). Withinthe presentcontext,

‘3
= pOu2~(l-~);with n = 0.43 the impactpressure ‘3 = 0.67MPa,

more than100 timesless thanobtainedwhen Rw was 2.3 m, but still

2/(1- ~) or 3.5 timesthe Bernoullipressure. ZQSO from (18),the compaction

speed,S, will be ~T-I/(1-n)= 31.3m/s, so that in thiscase the pressurewill

persistfor aperid T8+k/S+ E/C.%k/S =16 ms. And if Rw= 5m,

T= 6.2ms and ~/T >1. In thiscase,the peak hoop stressis simply

o = 2P3Rw/6w= 67 MPa, withinthe alluwablerange.
max



-21-

5.0 SU4MARYAND CONCLUSI@IS

.

Steepvelocitygradientsan be producedin a liquidslab if it is

suddenlyand non-uniformlyheated. Thesegradientscan be effectivelysmeared

out if the slab is subdividd intoa numberof slabsthat are separatedby

gaps. The gaps allm pressurerelieffrcxnsurfacesinteriorto the main inner

and outerboundaries,whichpromotesmnentum exchangebetweenfluidelements

travelingin oppositedirections,therebyaveragingout the velocity

distributim. This effectis very importantin an ICE’reactorbecauseeven if

the impulsedeliveredto the wall is withintolerablelimits,the tirdment

by high-velocityspan fragments-n eventuallycausesevereerosiondamage.

If insteadof slabs,concentricliquidringsare considered,the imp~se

itselfcan be reduced. The inabilityof liquidsto supporttensilestresses

resultsin the formatim of incipientcavitiesin the outward-rovingsegments

of each ring. On contactwith the inward-movingsegments,shockcompression

of the “porous”liquidcausesenergyto be dissipatedand the collision

pressurecan be verymuch less than in the equivalentslab impact. The

reboundvelocityvariesdirectlywith thispressureso that an inelastic

collisicmresultsand the outward-directedrmnentum(whichformsthe impulse

inpartedto the firstwall) is reduced.

A simplemdel was developedfor predictingthe pressuredevelopedwhen

cavitatedliquidmassescollidewith eachotheror with a rigidwall. The

pressurewas foundto be a strongfunctim of the pre-collisicmdensity;

cavitatinglithiumby only 1% resultsin a 40% reductionin the inpact

pressurefor an impactMach numberof 10-2. A directresultof thiseffect

is thatnumericaldispersicmcan introducesignificanterrorwhen calculating
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the disassemblyand subsequentinteractionof pressurizedliquidswith

conventimal finitedifferenceor finiteelementmethods. Finermesh

discretizaticnis the (costly)remedyemployedhere but it wouldbe betterto

use methodsthat eliminatedispersim altogether,if thesecan be found.

Numericalsimulationsweremade of the respmse of a multi-annular

lithiumfall in a 1000Me reactorto the energydepositicmfrom the fusion

pellet. The resultantimpactloadon the firstwallof the reactorwas found

to dependverymuch on its locaticn. Placedat a radiusof 2.3 m, in contact

with near-normaldensityliquid,the peak hoop stressexceeded1 GPa. Placed

at a 5 m radius,as in the actualdesign,so that the averagedensityat

contactwas more than halved,the peak hoop stresswas reducedby a factorof

16 to an acceptablelevel.

NOTICE
“This report was prepared as an account of work Reference toacompany orproduct
sponsored by the United States Government,
Neither the United States nor the United State5 name does not imply approval or
Department of Energy, nor any of their employees, recommendation of the product by
nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or

the University of California or the
implied, or assumes any legal liability or respon- U.S. Department of Energy to the
sibility for the accuracy, completeness or
usefulness ofanyinforrnation,apparatus,product

exclusion of others that may be
or process disclosed, or represents that its use suitable.
would not infringe privately-owned rights. ”
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